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We previously identified a gene, host range factor 1 (hrf-1), in Lymantria dispar M nucleopolyhedrovirus (LdMNPV) which
promoted Autographa californica M nucleopolyhedrovirus (AcMNPV) replication in a nonpermissive cell line IPLB-Ld652Y
(Ld652Y). A recombinant AcMNPV, vAcLdPS, that bore hrf-1 controlled by two synthetic baculovirus late promoters and
that replicated in Ld652Y cells was constructed. In this study, we constructed a new recombinant AcMNPV, vAcLdPD,
bearing only hrf-1 controlled by its own promoter. vAcLdPD replicated in Ld652Y cells in the same manner as vAcLdPS,
confirming that hrf-1 alone was sufficient to promote AcMNPV replication in Ld652Y cells. hrf-1 was transcribed as a
delayed early gene in LdMNPV but as an immediate early gene in both recombinant AcMNPVs. Primer extension analysis
showed that the initiator sequence TCAGT was used as the transcription start site in both LdMNPV and recombinant
AcMNPVs. Additional sequencing revealed several regulatory motifs in the hrf-1 upstream region. hrf-1 transcripts in
LdMNPV- and vAcLdPS-infected Ld652Y cells terminated near the polyadenylation signal at the end of hrf-1 ORF while in
vAcLdPD, the hrf-1 transcripts terminated at a downstream polyadenylation signal at the end of ORF 603. Using Western
blot analysis, we detected HRF-1 expression in both recombinant AcMNPV-infected Ld652Y cells but not in LdMNPV-
infected Ld652Y cells. q 1997 Academic Press
INTRODUCTION are a common feature in baculovirus gene transcription
(Friesen and Miller, 1986). Bicistronic and multicistronic
Nucleopolyhedroviruses (NPVs) belong to the family
transcripts are also observed (Oellig et al., 1987; Passar-
Baculoviridae. They are large DNA-containing viruses
elli and Miller, 1994; Thiem and Miller, 1989a).
which infect insects. During their infection cycles, viral
Autographa californica MNPV (AcMNPV) is widelygenes are activated in a cascade fashion and are ex-
used as a eukaryotic expression vector and serves as apressed in three temporal phases: early, late, and very
model for studying the molecular biology of baculovi-late (Friesen and Miller, 1986). Early gene promoters re-
ruses. AcMNPV was originally isolated from the alfalfasemble those of the host and many contain the transcrip-
looper and is routinely propagated in IPLB-SF-21 cellstion initiator sequence TCAGT (Blissard et al., 1992; Cher-
(SF-21) (Vaughn et al., 1977). Lymantria dispar MNPVbas and Cherbas, 1993; Dickson and Friesen, 1991; Gu-
(LdMNPV) is currently used as a control agent for thearino and Smith, 1992). Transcription of early genes is
gypsy moth, a serious pest of forest and shade treesachieved by cellular RNA polymerase II (Hoopes and
in the northeastern United States. LdMNPV is routinelyRohrmann, 1991; Huh and Weaver, 1990) before the onset
propagated in the gypsy moth cell line IPLB-Ld652Yof viral DNA replication. Activation of late and very late
(Ld652Y) (Goodwin et al., 1978).genes requires early gene products and depends on the
AcMNPV is not able to replicate in the gypsy moth cellonset of viral DNA replication (Erlandson et al., 1985;
line Ld652Y (McClintock et al., 1986). Virus can enterRice and Miller, 1986). Late and very late genes are tran-
the cell and viral DNA is synthesized (Guzo et al., 1992;scribed by a viral-induced a-amanitin-insensitive RNA
McClintock et al., 1986; Morris and Miller, 1992). Viralpolymerase (Beniya et al., 1996; Fuchs et al., 1983; Huh
and host cellular RNAs are transcribed, transported, andand Weaver, 1990). These transcripts initiate from a char-
of normal size (Guzo et al., 1992; Morris and Miller, 1993).acteristic TAAG motif (Howard et al., 1986; Rohrmann,
However, protein synthesis is shut off by late times post-1986; Thiem and Miller, 1989b; Wilson et al., 1987). Multi-
infection (p.i.) and no viral progeny is produced (Du andple overlapping transcripts with coterminal 5*- or 3*-ends
Thiem, unpublished data; Guzo et al., 1992; McClintock
et al., 1986). In previous studies, we identified and se-
1 To whom correspondence and reprint requests should be ad- quenced a single LdMNPV gene, host range factor 1 (hrf-dressed at Department of Entomology, 243 Natural Science, Michigan
1), which was able to promote AcMNPV replication inState University, East Lansing, MI 48824-1115. Fax: (517) 353-5598. E-
mail: smthiem@pilot.msu.edu. Ld652Y cells and ensure the production of AcMNPV
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progeny in cotransfection assays (Thiem et al., 1996). A quantitated as PFU/ml by plaque assays on both Ld652Y
and SF-21 cells.recombinant AcMNPV, vAcLdPS, bearing hrf-1, controlled
by two synthetic late promoters, and a second LdMNPV
RNA isolation and poly(A) RNA selectiongene, fus (Cassar and Thiem, submitted for publication),
which replicated in Ld652Y cells was constructed (Thiem Ld652Y cells were infected with LdMNPV at an m.o.i.
et al., 1996). In this study, we constructed a new recombi- of 8 or with vAcLdPS or vAcLdPD at an m.o.i. of 10 and
nant AcMNPV, vAcLdPD, bearing only hrf-1 controlled harvested at 0, 6, 12, 18, 24, and 48 hr p.i. Mock-infected
by its own promoter. We compared virus production in cells were inoculated with incomplete medium and har-
Ld652Y cells infected with these two recombinant vested at 48 hr p.i. To block protein synthesis, cyclohexi-
AcMNPVs and characterized hrf-1 expression in mide was used at 100 mg/ml throughout the time course
LdMNPV- and in recombinant AcMNPV-infected Ld652Y beginning with a 30-min pretreatment prior to the addi-
cells. tion of inoculum. To block DNA replication, aphidicolin
was added at 5 mg/ml following the adsorption period.
Both cycloheximide- and aphidicolin-treated infectionsMATERIALS AND METHODS
were harvested at 12 (vAcLdPS and vAcLdPD) or 18 hr
Cells and viruses p.i. (LdMNPV).
Total cellular RNAs were isolated by a single-step
SF-21 cells (Vaughn et al., 1977) and Ld652Y cells method (Chomczynski and Sacchi, 1987). Oligo(dT)
(Goodwin et al., 1978) were maintained in TC100 medium attached to metal beads (PerSeptive Diagnostics, Inc.,
(Life Technologies, Grand Island, NY) supplemented with Cambridge, MA ) was employed to isolate polyadenyl-
10% fetal bovine serum and 0.26% tryptone broth. ated RNA.
LdMNPV isolate A21-2 (Bischoff and Slavicek, 1996) was
propagated in Ld652Y cells. AcMNPV variant L1 (Lee and Northern blot analysis
Miller, 1978) and recombinant AcMNPVs were propa-
Seven micrograms of poly(A) RNA from LdMNPV-in-gated in SF-21 cells. The construction of vAcLdPS, the
fected cells or 4 mg poly(A) RNA from recombinantrecombinant AcMNPV, was described previously (Thiem
AcMNPV-infected Ld652Y cells was used for Northernet al., 1996). To generate vAcLdPD (Fig. 1C), the PstI –
blot analysis. Poly(A) RNA from each time point was sep-DraI fragment which contained only hrf-1 was cloned in
arated by electrophoresis on a 1.2% formaldehyde aga-transfer vector pAcUW2B (Weyer et al., 1990) to generate
rose gel and transferred to nylon membranes. The PstI–the transfer plasmid pAcUWLdPD. This transfer plasmid
DraI fragment (Fig. 1A) cloned in a Bluescript plasmidand DNA from a modified AcMNPV, vSynVI-gal (Wang et
(Stratagene, La Jolla, CA) was used as a template toal., 1991), in which the polyhedrin (polh) gene was re-
synthesize a strand-specific ribo-probe using [a-32P]CTPplaced by LacZ, were cotransfected into SF-21 cells us-
(3000 Ci/mmol, Dupont NEN, Wilmington, DE) and an ining lipofectin (Flegner et al., 1987; O’Reilly et al., 1992).
vitro transcription system (Promega, Madison, WI). North-White occlusion-positive viruses were selected and
ern hybridization was performed at 557 in 50% formamide.plaque purified. Correct insertion of the LdMNPV frag-
An RNA size ladder (Life Technologies, Bethesda, MD)ment was confirmed by analysis of DNA restriction pat-
was coelectrophoresed and stained separately as a sizeterns of the recombinant virus. This recombinant
marker.AcMNPV was named vAcLdPD.
Primer extension
Comparison of virus production
Total cellular RNAs from mock-, LdMNPV-, vAcLdPS-,
and vAcLdPD-infected cells were used for primer exten-Ld652Y cells were infected with wt AcMNPV, vAcLdPS,
or vAcLdPD at a multiplicity of infection (m.o.i.) of 10 sion. A primer, TGCACTTGTAGCTGTCCA, complemen-
tary to the mRNA strand approximately 180 bp down-plaque formation units (PFU) per cell. After 1 hr of adsorp-
tion, the inoculum was removed and cells were washed stream from the PstI site (Figs. 1A and 6) was synthesized
(Michigan State University Macromolecular Structure,twice with incomplete medium and refed with complete
medium. Time zero was defined as the time when the Sequencing, and Synthesis Facility, East Lansing, MI),
5*-end labeled using [g-32P]ATP (3000 Ci/mmol, NEN Du-inoculum was removed and incubation at 277 was initi-
ated. To compare occluded virus production, infected pont), and used to prime cDNA synthesis. The primer
was annealed to 25 mg total cellular RNA at 307 overnightcells were collected at 24 and 48 hr p.i. The numbers of
cells containing polyhedrin inclusion bodies (PIB) were and extended with M-MLV reverse transcriptase (Life
Technologies). A sequencing ladder was generated us-counted using a hemocytometer for a total of about 1000
cells and the percentages of cells containing PIB versus ing the same labeled primer in a dideoxyribonucleotide
chain termination sequencing reaction (CircumVent, Newtotal cells were calculated. To compare budded virus
production, supernatant of infected cells was collected England Biolabs Inc., Beverly, MA) using a cloned
LdMNPV EcoRI–SstI DNA fragment spanning this regionat 0, 12, 24, and 48 hr p.i. and budded virus titers were
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(42.6–44.6 m.u.) (LdMNPV) and the transfer plasmid labs). The resulting fusion protein was expressed in
Escherichia coli. This fusion protein contained 40 kDaPsynLdPS (Thiem et al., 1996) (vAcLdPS) or pAcUWLdPD
(vAcLdPD) as template. PUC18 DNA was cut with MspI MBP and 20.6 kDa truncated HRF-1 (SalI–DraI). The
highly expressed fusion protein was isolated through anand 5*-end-labeled as a size marker. Primer extension
products and the sequencing ladder were analyzed on amylose column and further purified by eluting from a
protein gel. Sixty micrograms (0.5 ml) of purified fusion8% polyacrylamide–7 M urea sequencing gels.
protein was emulsified with 0.5 ml Titermax (Vaxcel Inc.,
Nuclease protection assay Norcross, GA) and used to immunize rabbits by subcuta-
neous injections. Antiserum was collected every 2 weeks
A 3*-end-labeled probe was annealed to poly(A) RNAs
beginning the fourth week after immunization.
from mock-, LdMNPV-, and vAcLdPS-infected Ld652Y
cells. To generate the probe, a 1.3-kb SalI–NarI fragment Western blot analysis
(43.4–44.1 m.u.) (Fig. 1A) spanning the putative 3*-end
Ld652Y cells were infected with LdMNPV, vAcLdPS,region was selectively labeled at the SalI site by filling
or vAcLdPD at an m.o.i. of 10 PFU as described pre-in the 5* overhanging end of the restriction digested DNA
viously. SF-21 cells were infected with AcMNPV at anusing T4 DNA polymerase and both [a-32P]dATP and [a-
m.o.i. of 10 PFU and harvested at 24 hr p.i. Cells were32P]dTTP (3000 Ci/mmol, Dupont NEN). Two micrograms
lysed in 21 disruption buffer (125 mM Tris–HCl, pH 6.8,of poly(A) RNA was hybridized to the probe at 597 over-
4% SDS, 10% 2-mercaptoethanol, 20% glycerol, andnight followed by mung bean nuclease digestion (1000 U/
0.002% bromophenol blue). Proteins were run on 10%ml, LifeTechnologies) at 377 for 1 hr. Nuclease-resistant
SDS polyacrylamide gels (Laemmli, 1970). An amount offragments were analyzed on an 8% polyacrylamide–7 M
protein equivalent to approximately 1 1 106 cells wasurea sequencing gel.
loaded per lane. The HRF-1 fusion protein (60.6 kDa) and
the truncated HRF-1 (20.6 kDa) cleaved from the fusionRT-PCR
protein by Xa factor (New England Biolabs) were used
Twenty micrograms of total RNA isolated from mock-, as HRF-1 controls. Following electrophoresis, a parallel
vAcLdPS-, and vAcLdPD-infected Ld652Y cells was used gel of vAcLdPS infections was stained with Coomassie
to synthesize cDNA with oligo(dT) primer (Promega) and blue. For blotting, gels were electrophoretically trans-
M-MLV reverse transcriptase (Life Technologies). These ferred to Hybond-ECL nitrocellulose membranes (Amer-
cDNA products and DNA from the transfer plasmid, pA- sham Life Science, Arlington Heights, IL) in a transfer
cUWLdPD, were used for PCR. PCR was performed for buffer containing 20 mM Tris–HCl, 150 mM glycine (pH
25 cycles (947 for 1 min, 557 for 50 sec, and 727 for 3 min) 8.3), and 20% methanol and incubated with antibody by
using two synthetic primers (Michigan State University standard method (Towbin et al., 1979). Polyclonal anti-
Macromolecular Structure, Sequencing, and Synthesis bodies against HRF-1 fusion protein were used at the
Facility, East Lansing, MI): CAGCGAGACGAATATCGA, dilution of 1:100. Secondary antibody, anti-rabbit peroxi-
which was 43 nucleotides downstream of the hrf-1 tran- dase conjugate (Sigma, St. Louis, MO), was used at
scription start site TCAGT, and CGATACAAACCAAAC- 1:100,000. The ECL Western blot detection system (Amer-
GCA, which was 2 nucleotides upstream of the polyade- sham Life Science) was employed for signal detection.
nylation signal at the end of ORF 603 (Fig. 1C). PCR
product was resolved in 1% agarose gel together with Nucleotide sequence accession number
DNA size marker and stained with ethidium bromide.
The GenBank accession number for the nucleotide
sequence presented in this report is U38895.Sequencing
hrf-1 upstream sequence was obtained using synthetic RESULTS
primer AATTGCAAGTACAGTTAC for the antisense
Construction of vAcLdPDstrand, synthetic primer ATTCAACACATTCGACCC for
the coding strand, and a cloned LdMNPV EcoRI–SstI
hrf-1 was identified by its ability to promote AcMNPV
DNA fragment (42.6–44.6 m.u.) as template in a dideoxy-
replication in Ld652Y cells in cotransfection assays
nucleotide chain termination reaction (Sanger et al.,
(Thiem et al., 1996). A recombinant AcMNPV, vAcLdPS,
1977) by employing a CircumVent Sequencing Kit (New
bearing hrf-1 was able to replicate in infected Ld652Y
England Biolabs, Beverly, MA).
cells. vAcLdPS contained an additional LdMNPV gene,
fus (Cassar and Thiem, submitted for publication), andAntibody preparation
hrf-1 expression was regulated by two synthetic late pro-
moters in addition to its own promoter. To rule out theThe SalI– DraI fragment (43.4–43.8 m.u.) in hrf-1 C-
terminus (Fig. 1A) was ligated to the 3*-end of maltose possibility that either fus or the synthetic promoters were
required for AcMNPV replication in Ld652Y cells, anotherbinding protein (MBP) DNA sequence in a bacterial pro-
tein expression plasmid pMAL-c2 (New England Bio- recombinant AcMNPV, vAcLdPD, was constructed (Fig.
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FIG. 1. Schematic diagram of hrf-1 context in LdMNPV (A), vAcLdPS (B), and vAcLdPD (C). For ease of comparison, the conventional orientation
of AcMNPV is reversed for recombinant AcMNPVs to show hrf-1 oriented as in LdMNPV. The location of the synthetic promoters, Psyn and PXIV,
from the transfer vector pSynXIV VI/ (Wang et al., 1991), is indicated by hatched lines in vAcLdPS (B). Selected restriction sites are indicated. ORFs
are represented by open arrows. Spacing between ORFs and restriction sites is given in bp. The positions of primers and probes are indicated by
lines beneath the schematic for LdMNPV (A) or vAcLdPD (C). The restriction fragment used to generate the HRF-1 fusion protein is shaded in the
schematic of LdMNPV (A). Labeled ends are indicated by an asterisk.
1C). vAcLdPD contained only the hrf-1 gene controlled 0 and 12 hr p.i. when titrated on either SF-21 or Ld652Y
cells. Virus titers of vAcLdPS-infected Ld652Y cellsby its own promoter.
Virus production of vAcLdPS and vAcLdPD on Ld652Y reached 6 1 107 PFU/ml at 24 hr p.i. and remained the
same at 48 hr p.i. when titrated on SF-21 cells. Whencells was compared. For occluded virus production, the
percentage of cells containing PIB versus total cells was titrated on Ld652Y cells, titers of vAcLdPS-infected cells
reached 5 1 107 PFU/ml at 24 hr p.i. and increased to 6determined at 24 and 48 hr p.i. In both recombinant virus-
infected Ld652Y cells, 82% of the cells produced PIB by 1 107 PFU/ml at 48 hr p.i. Titers of vAcLdPD-infected
cells reached 6 1 107 PFU/ml at 24 hr p.i. and increased24 hr p.i. and the percentage of cells containing PIB
reached 100% by 48 hr p.i. (Table 1). No wt AcMNPV- to 7 1 107 PFU/ml when titrated on SF-21 cells and 8 1
107 PFU/ml when titrated on Ld652Y cells. In contrast,infected Ld652Y cells were observed to contain PIB (Ta-
ble 1). Budded virus titers in supernatant at different virus titers in wt AcMNPV-infected Ld652Y cells re-
mained at 5 1 103 to 6 1 103 PFU/ml throughout the timetimes p.i. were quantitated by plaque assay on both SF-
21 and Ld652Y cells (Table 2). In both recombinant virus- course when assayed on SF-21 cells and at zero when
assayed on Ld652Y cells. These data demonstrated thatinfected Ld652Y cells, virus titers remained at about 4 1
103 to 6 1 103 PFU/ml due to residual virus inoculum at hrf-1 alone was sufficient to promote AcMNPV replication
TABLE 1
Occluded Virus Production in Ld652Y Cells
24 hr p.i. 48 hr p.i.
Total cells Cells with PIB Percentage Total cells Cells with PIB Percentage
vAcLdPS 1012 826 82% 1045 1045 100%
vAcLdPD 1077 879 82% 1056 1056 100%
AcMNPV 1097 0 0 1074 0 0
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TABLE 2
Budded Virus Production in Ld652Y Cells Assayed on SF-21 and Ld652Y Cells
SF-21 Ld652Y
0a 12 24 48 0 12 24 48
vAcLdPS 4 1 103b 6 1 103 6 1 107 6 1 107 4 1 103 5 1 103 5 1 107 6 1 107
vAcLdPD 6 1 103 6 1 103 6 1 107 7 1 107 5 1 103 6 1 103 6 1 107 8 1 107
AcMNPV 6 1 103 5 1 103 6 1 103 6 1 103 0 0 0 0
a Hr p.i. when supernatants were collected for plaque assays.
b Titers in PFU/ml.
in the nonpermissive cell line Ld652Y. The kinetics of a transcript of approximately 1 kb consistent with the
recombinant virus replication in Ld652Y cells more estimated size of hrf-1, based on sequence data, was
closely reflected that of AcMNPV replication on permis- observed at 12, 18, and 24 hr p.i. and in aphidicolin-
sive cell lines than LdMNPV replication in Ld652Y cells treated cells harvested at 18 hr p.i. (Fig. 2A, arrowhead).
in which virus progeny is not produced until 48 hr p.i. No transcript was observed at 6 hr p.i. or in cyclohexi-
(J. Slavick, personal communication; McClintock et al., mide-treated cells harvested at 18 hr p.i. The absence
1987). of hrf-1 transcripts in the cycloheximide-treated cells indi-
The viral context of hrf-1 in LdMNPV is different from cated that de novo protein synthesis was required. There-
that of recombinant AcMNPVs (Fig. 1). In LdMNPV (Fig. fore hrf-1 was classified as a delayed early gene in
1A), hrf-1 is located between 43.3 and 43.8 m.u., immedi- LdMNPV-infected Ld652Y cells. Larger transcripts of 1.4
ately downstream of the virus enhancing factor (vef) (J. and 1.8 kb were observed at 12, 18, 24, and 48 hr p.i.
Slavicek, personal communication) and oriented in the The 1.8-kb transcript was also observed as a faint band
same direction. There were 119 bp between the stop in aphidicolin-treated cells harvested at 18 hr p.i. Two
codon, TAA, of vef and the start codon of hrf-1. fus is larger transcripts were also prominent at 24 and 48 hr
located immediately downstream from hrf-1, oriented in p.i. In vAcLdPS, a transcript, approximately 1 kb, was first
the opposite direction. The hrf-1 and fus stop codons are detected at 6 hr p.i. and was also observed in cyclohexi-
separated by 165 bp. In vAcLdPS (Thiem et al., 1996) mide-treated cells at 12 hr p.i. (Fig. 2B, I, arrowhead). This
(Fig. 1B), the PstI– SstI fragment containing both hrf-1 transcript diminished after 6 hr p.i. A 1.2-kb transcript
and fus was inserted upstream of AcMNPV polh at 3.4 appeared at 12 hr p.i. and was abundant at 24 and 48
m.u. together with two synthetic late promoter se- hr p.i., consistent with initiation from the strong synthetic
quences, Psyn and PXIV, derived from the transfer vector late promoters. In vAcLdPD, a transcript of about 2.0 kb
pSynXIV VI/ (Wang et al., 1991). In vAcLdPD (Fig. 1C), was detected at 6 hr p.i. and in cycloheximide-treated
the PstI–DraI fragment containing the hrf-1 ORF, 5*- (134 cells harvested at 12 hr p.i. (Fig. 2B, II, arrowhead). This
bp) and 3*- (41 bp) flanking regions and a run of 454 bp transcript diminished after 6 hr p.i. Thus in both vAcLdPS-
of LacZ 3*-end sequence derived from the transfer vector and vAcLdPD-infected Ld652Y cells, hrf-1 was tran-
pAcUW2B (Weyer et al., 1990) was inserted upstream of scribed as an immediate early gene with no requirement
AcMNPV polh at 3.4 m.u. This fragment includes the for de novo protein synthesis. A faint 1.8-kb band de-
TCAGT initiator motif. Thus, the hrf-1 locus is identical tected throughout the time course was apparently non-
in both recombinant AcMNPVs. Both vAcLdPS and specific as it was also observed in mock-infected cells.
vAcLdPD have the same hrf-1 upstream sequences.
Primer extension analysis was employed to map theHowever, in vAcLdPS, hrf-1 transcription is also con-
transcription start sites (Fig. 3). A primer complementarytrolled by the two synthetic baculovirus late promoters.
to the hrf-1 coding sequence (Figs. 1A and 6) was synthe-The recombinants differ in their sequences at the 3*-end
sized and 32P-end-labeled for primer extension experi-of the hrf-1 ORF. The sequence in vAcLdPS includes fus
ments. The labeled primer was annealed to RNA isolatedand thus is identical to LdMNPV at the 3*-end of hrf-1.
from LdMNPV-, vAcLdPS-, and vAcLdPD-infected Ld652YIn vAcLdPD, the LdMNPV sequence terminates 4 nucleo-
cells and extended using reverse transcriptase. The ex-tides downstream of the hrf-1 polyadenylation signal.
tension products were analyzed on a denaturing se-
quencing gel along with molecular size markers. InTranscriptional analysis
LdMNPV infections, two extension products were ob-
served (Fig. 3A). The stronger signal was from a 153-hrf-1 transcription patterns in LdMNPV- and recombi-
nucleotide band observed at 12 and 18 hr p.i. thatnant AcMNPV-infected Ld652Y cells were analyzed by
mapped to the first thymidine in the TCAGT early initiatorNorthern blot analysis (Fig. 2) using a strand-specific,
32P-labeled, RNA probe (Fig. 1A). In LdMNPV infections, sequence (Fig. 3A, arrowhead). A second, weaker band
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FIG. 2. Northern blot of mRNA isolated from LdMNPV-infected Ld652Y cells (A) and from recombinant AcMNPV-infected Ld652Y cells (B). I,
vAcLdPS infections; II, vAcLdPD infections. Numbers and letters at the top of the lanes indicate mRNA isolated from mock-infected cells (M); from
LdMNPV-, vAcLdPS-, or vAcLdPD-infected Ld652Y cells harvested at 0, 6, 12, 18, 24, and 48 hr p.i.; and from aphidicolin- (A) or cycloheximide- (C)
treated virus-infected Ld652Y cells harvested at 12 or 18 hr p.i. hrf-1 transcripts are indicated by arrowheads. The positions of RNA size standards
are indicated in kb to the left of the panels.
of 265 nucleotides mapping to thymidine in GGTGA was distal TAAG, only a minor extension product was seen
(Fig. 3B, arrow). A strong band at 24C (cycloheximide-observed at 18 and 24 hr p.i. (Fig. 3A, arrow). In vAcLdPS
infections, primer extension products mapping to the ini- treated) which mapped to the PstI junction used in con-
structing vAcLdPS was also observed (Fig. 3B, opentiation sequence TCAGT were observed at 6 hr p.i. and
in cycloheximide-treated cells harvested at 24 hr p.i. (Fig. arrow). Additional bands observed at 24 hr p.i. might be
due to premature termination of cDNA synthesis because3B, arrowhead). A prominent primer extension product
mapping to the proximal synthetic promoter, TAAG, was of the high GC content of hrf-1 (69%) (Thiem et al., 1996)
and thus possible formation of mRNA secondary struc-detected at late times (24 hr p.i.) (Fig. 3B, arrow). For the
FIG. 3. Primer extension analysis of LdMNPV- (A), vAcLdPS- (B), and vAcLdPD- (C) infected Ld652Y cells. Numbers and letters at the top of the
lanes indicate total RNA isolated from mock-infected Ld652Y cells (M), virus-infected Ld652Y cells treated with cycloheximide (18C or 24C), and
virus-infected Ld652Y cells at 6, 12, 18, or 24 hr p.i. Lanes G, A, T, and C are sequencing reactions using the labeled primer and a cloned LdMNPV
DNA template (A), a transfer plasmid pSynLdPS (Thiem et al., 1996) DNA template (B), or a transfer plasmid pAcUWLdPD DNA template (C). The
sequences at the start sites are indicated to the left of each panel. Marker sizes are shown to the right of each panel in bp.
AID VY 8356 / 6a27$$$241 12-19-96 02:07:27 viral AP: Virology
426 DU AND THIEM
used for RT-PCR analysis using total RNA isolated from
vAcLdPD-infected Ld652Y cells. RNA from mock- or
vAcLdPS-infected Ld652Y cells and DNA from the trans-
fer plasmid, pAcUWLdPD, used to generate vAcLdPD
were used as controls. A 1.8-kb PCR product was ob-
tained in the reaction which contained cDNA generated
from total RNA of vAcLdPD-infected cells at 6 hr p.i. (Fig.
5, lane 4) and in the reaction which contained DNA from
the transfer plasmid pAcUWLdPD (Fig. 5, lane 5) but not
in the reactions which contained cDNA generated from
either mock-infected cells (Fig. 5, lane 1) or vAcLdPS-
infected cells (Fig. 5, lanes 2 and 3). These data are
consistent with the 2-kb transcript detected by Northern
analysis (Fig. 2B, II, arrowhead) when polyadenylation is
accounted for and support the hypothesis that the larger
hrf-1 transcripts observed in vAcLdPD-infected cells are
the result of transcriptional read-through.
hrf-1 upstream sequence
Because the second hrf-1 primer extension product
in LdMNPV-infected cells was mapped beyond the pre-FIG. 4. Nuclease protection mapping of the 3*-ends of hrf-1 tran-
scripts in vAcLdPS- (A) and in LdMNPV- (B) infected Ld652Y cells. viously sequenced region, additional hrf-1 upstream
Numbers and letters at the top of the lanes indicate poly(A) RNA iso- sequence was obtained (Fig. 6). The second primer
lated from mock-infected cells (M), virus-infected cells at 18 or 24 hr extension product was mapped to 211 bp upstream ofp.i., virus-infected cells treated with cycloheximide and harvested at
the hrf-1 translation start codon and did not correspond12 hr p.i. (12C), and virus-infected cells treated with aphidicolin and
to any previously identified initiation sequences. How-harvested at 18 hr p.i. (18A). P is the probe by itself. Size markers are
labeled to the right of the panel in bp. The arrowhead indicates the ever, two copies of a putative baculovirus early gene
location of the predominant protected fragment of 620 bp. regulatory element a/ctcGTGTnc/t (Tomalski et al.,
1988) were found in this region. One was located 209
ture. In vAcLdPD infections, primer extension product at bp and the other 130 bp upstream of the hrf-1 transla-
6 hr p.i. mapped to the TCAGT motif (Fig. 3C, arrowhead). tion initiation codon (Fig. 6, double underlined se-
Nuclease protection assays were employed to map quence). The distal copy also matched another bacu-
the 3*-ends of hrf-1 transcripts in LdMNPV- and vAcLdPS- lovirus early regulatory motif CGT with the consensus
infected Ld652Y cells (Fig. 4). The probe was a 1.3-kb AA/TCGTG/T (Dickson and Friesen, 1991; Nissen and
nucleotide SalI– NarI fragment (43.4–44.2 m.u.), 3*-end- Friesen, 1989) (Fig. 6, asterisks). A transcription activa-
labeled at the SalI site (Fig. 1A). The probe was annealed tion factor NF-1 binding motif, TGGCGG (Caruso et al.,
to poly(A) RNA isolated from mock-, LdMNPV-, and 1990), and a transforming growth factor b1 (TFG-b1)
vAcLdPS-infected Ld652Y cells, digested with mung inhibitory element motif, GNNTTGGTGA (Kerr et al.,
bean nuclease, and analyzed on a sequencing gel. A 620-
bp nucleotide major protected fragment was observed in
both LdMNPV- and vAcLdPS-infected cells (Fig. 4, arrow-
head). This corresponded to the polyadenylation signal
identified 34 bp downstream of the hrf-1 ORF (Thiem et
al., 1996).
Since hrf-1 transcription in vAcLdPD-infected Ld652Y
cells also initiated at the TCAGT motif as mapped by
primer extension (Fig. 3C, arrowhead), it was hypothe-
sized that the larger size of about 2 kb, as detected by
Northern blot analysis (Fig. 2B, II, arrowhead), was due
to transcription through the normal termination site as a
result of the truncation of the 3*-end of hrf-1. The pre-
FIG. 5. RT-PCR mapping of the 3*-end of hrf-1 transcripts in vAcLdPD-dicted termination site was near the polyadenylation sig-
infected Ld652Y cells. Numbers on the top represent cDNA generatednal at the end of ORF 603 located downstream of hrf-1
from total RNA isolated from mock-infected cells (1), vAcLdPS-infected
(Fig. 1C). To test this hypothesis, a primer near the hrf- cells at 6 (2) and 24 (3) hr p.i., vAcLdPD-infected cells at 6 hr p.i. (4),
1 transcription start site TCAGT and a primer adjacent and DNA from the transfer plasmid pAcUWLdPD (5). DNA size markers
are indicated to the left of the panel in kb.to the ORF 603 polyadenylation signal (Fig. 1C) were
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FIG. 6. Sequence of hrf-1 upstream region showing 240 bp of nucleotide sequence upstream and 80 bp of nucleotide sequence downstream
from the hrf-1 start codon. Selected restriction sites are labeled. The two transcription start sites are indicated by arrows. GTGT motifs are double-
underlined. The CGT motif is indicated by asterisks underneath. The TIE consensus sequence and the NF-1 binding sequence are boxed. The stop
codon of vef ORF (TAA) and the start codon of hrf-1 (ATG) are in boldface. The sequence of the primer used for primer extension analysis is in
boldface and is underlined with an arrow indicating direction.
1990), were found 250 and 218 bp upstream of the hrf- DISCUSSION
1 coding sequence, respectively (Fig. 6). In this study, we demonstrated that LdMNPV hrf-1 was
sufficient to promote AcMNPV replication in Ld652Y
HRF-1 expression
cells. Virus production of vAcLdPD-infected Ld652Y cells
in which hrf-1 was controlled by its own promoter wasTo investigate HRF-1 expression in LdMNPV- and
recombinant AcMNPV-infected Ld652Y cells, a HRF- the same as that of vAcLdPS-infected Ld652Y cells in
which hrf-1 was overexpressed and which also carried1-MBP fusion protein was synthesized by cloning the
SalI – DraI fragment (Fig. 1A) into a bacterial protein another LdMNPV gene, fus. hrf-1 expression was differ-
entially regulated in LdMNPV, vAcLdPS, and vAcLdPD.expression plasmid pMAL-c2 (New England Biolabs)
and used to raise antibodies. Because the predicted Transcript size and temporal expression of hrf-1 de-
pended on the viral context of the gene. In LdMNPV- andsize of HRF-1 (25.7 kDa) was very close to that of
polyhedrin (29 kDa), SF-21 cells infected with vAcLdPS-infected Ld652Y cells transcripts were approxi-
mately 1 kb, compared to 2 kb in vAcLdPD-infectedAcMNPV and harvested at 24 hr p.i. were used as an
additional control. Proteins from mock-, LdMNPV-, Ld652Y cells. Abundant 1.2-kb transcripts originated from
the synthetic late promoters in vAcLdPS. The 1-kb tran-vAcLdPS-, or vAcLdPD-infected Ld652Y cells har-
vested at different times p.i. and those from AcMNPV- script was consistent with the size of HRF-1 predicted
by nucleotide sequence (Thiem et al., 1996) and ob-infected SF-21 cells were separated by SDS – PAGE
(Laemmli, 1978) and stained with Coomassie blue or served on Western blots (Fig. 7). The larger transcripts
observed in vAcLdPD-infected cells resulted from tran-they were transferred to membranes (Towbin et al.,
1979) and incubated with antibodies against the HRF- scription through the normal termination site. The 3*-end
region truncated in vAcLdPD was important for termina-1 fusion protein (Fig. 7). In vAcLdPS-infected Ld652Y
cells, HRF-1 was detected from 6 until 48 hr p.i. (Fig. tion of hrf-1 transcription. Larger transcripts observed in
LdMNPV-infected cells most likely represented tran-7B, arrowhead). These bands appeared in a lower
position than the polyhedrin protein band on the Coo- scripts of the gene immediately upstream, vef, that ex-
tended through hrf-1, since no protected 3* fragmentsmassie blue-stained gel (Fig. 7A, arrow) and no pro-
teins were detected by antiserum in the lane con- larger than those corresponding to the polyadenylation
signal following the hrf-1 ORF were observed (Fig. 4).taining AcMNPV-infected SF-21 cell lysate (Fig. 7B),
indicating that these bands represented HRF-1 and Overlapping transcripts with common 3*-ends are often
observed in baculovirus infections (Friesen and Miller,not polyhedrin. In vAcLdPD-infected Ld652Y cells, a
weak band was detected from 12 hr p.i. until late times 1986). Because of the apparent transcriptional read-
through from vef, we cannot rule out the possibility that(Fig. 7C, arrowhead). In other experiments, we ob-
served this band as early as 6 hr p.i. (data not shown). the distal primer extension product observed for hrf-1
in LdMNPV-infected cells (Fig. 3A, arrow) represents aThis band most likely represented HRF-1 because the
size was the same as that of the HRF-1 control and premature termination of cDNA synthesis from vef mRNA
resulting from mRNA secondary structure.it was not observed in the mock-infected cells. Other
bands were apparently nonspecific due to overload- Transcriptional regulation of hrf-1 and responses to
the inhibitors cycloheximide and aphidicolin differed be-ing of protein samples since all of them also appeared
in mock-infected cells. We were unable to detect HRF- tween LdMNPV- and recombinant AcMNPV-infected
Ld652Y cells. hrf-1 transcription was not observed until1 in LdMNPV-infected Ld652Y cells (data not shown).
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FIG. 7. Coomassie-stained parallel gel of vAcLdPS-infected Ld652Y cells (A) and Western blots of vAcLdPS- (B) and vAcLdPD- (C) infected Ld652Y
cells. Lane labeled M indicates mock-infected Ld652Y cells. Arabic numbers above the lanes indicate the time, in hours, after infection at which
the cells were harvested. Lane F indicates HRF-1 fusion protein (60.6 kDa). H indicates truncated HRF-1 portion (SalI–DraI) (20.6 kDa) cleaved from
the fusion protein. Ac represents AcMNPV-infected SF-21 cells harvested at 24 hr p.i. PS represents vAcLdPS-infected Ld652Y cells harvested at
24 hr p.i. Lane MW is the molecular weight standards with molecular weights in kDa indicated to the left of A and C. The position of the polyhedrin
protein band is indicated by arrows. HRF-1 bands are indicated by arrowheads.
12 hr p.i. and was inhibited in the presence of cyclohexi- matched a CGT motif (Dickson and Friesen, 1991; Nissen
and Friesen, 1989) that was required for full p35 promotermide in LdMNPV-infected Ld652Y cells, indicating a de-
pendence on new protein synthesis. In recombinant activity during the early phase of infection (Dickson and
Friesen, 1991). This motif was also present in other earlyAcMNPV-infected cells hrf-1 was transcribed at early
times (6 hr p.i.) and in the presence of cycloheximide. baculovirus genes including 39k (Guarino and Summers,
1986), IE-1 (Guarino and Summers, 1987), and ET-S andSince late baculovirus gene expression is contingent on
the onset of viral DNA replication, aphidicolin, a DNA ET-L (Crawford and Miller, 1988). Two regulatory se-
quences previously identified in vertebrate systems weresynthesis inhibitor, can be used to distinguish early and
late genes. When infected cells were treated with aphidi- also found in this region. One was a binding site for a
nuclear factor belonging to the NF-1 family of transcrip-colin, hrf-1 was not transcribed in recombinant AcMNPV-
infected cells. This inconsistency of responses to aphidi- tion factors, TGGCGG, that was identified in an enhancer
of a polyoma virus mutant selected for high efficiency ofcolin was also observed in the transcription of other early
genes, the DNA polymerase gene (Tomalski et al., 1988), growth in neuroblastoma cells (Caruso et al., 1990). The
other was a TGF-b1 inhibitory response element, GNN-lef-1 (Passarelli and Miller, 1993), and lef-6 (Passarelli
and Miller, 1994). The reason for the inconsistency is not TTGGTGA (Kerr et al., 1990), which functions as a tran-
scription silencer for genes regulated by TGF-b1. Possi-known.
A possible explanation for the difference in temporal ble roles for these motifs or other upstream sequences
in the regulation of hrf-1 transcription remain to be deter-regulation of hrf-1 transcription in recombinant AcMNPV-
and LdMNPV-infected Ld652Y cells is the absence of mined.
Alternatively, the requirement for de novo proteinpotential regulatory sequences upstream of hrf-1 in the
recombinant AcMNPVs. The delayed expression in synthesis for hrf-1 transcription in LdMNPV-infected
cells may reflect a fundamental difference in the regu-LdMNPV-infected cells suggests that these upstream se-
quences might serve as binding sites for transcriptional lation of LdMNPV gene expression compared to
AcMNPV. Additional factors might be required for tran-repressors in LdMNPV-infected cells. Both recombinant
AcMNPVs were constructed using the PstI restriction site scriptional activation of delayed early genes in
LdMNPV-infected cells. For example, there are differ-upstream of the hrf-1 ORF (Fig. 1). Several putative regu-
latory motifs upstream of the PstI site (Fig. 6) could be ent requirements for new protein synthesis for tran-
scriptional regulation of the ecdysteroid UDP-glucosyl-important for controlling hrf-1 expression. A GTGT motif,
of unknown function, previously identified in the AcMNPV transferase (egt) gene in LdMNPV- and AcMNPV-in-
fected cells. Transcription of the LdMNPV egt gene inDNA polymerase gene (Tomalski et al., 1988), in IE-1
(Guarino and Summers, 1987), in p35 and p94 (Friesen LdMNPV-infected Ld652Y cells required de novo pro-
tein synthesis (Riegel et al., 1994), but the AcMNPVand Miller, 1987), and in ETL (Crawford and Miller, 1988),
was present in two copies. One of these motifs also egt gene was expressed immediately after infection
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without prior protein synthesis in AcMNPV-infected SF- AcMNPV-infected Ld652Y cells suggested that only low
levels of expression are required for its function. Under-21 cells (O’Reilly and Miller, 1989). Both virus produc-
tion and temporal patterns of LdMNPV gene expres- standing how hrf-1 functions is important for understand-
ing the host specificity of baculoviruses. The mechanismsion in Ld652Y cells are delayed relative to AcMNPV
gene expression in SF-21 cells (J. Slavicek, personal responsible for shutting off protein synthesis in AcMNPV-
infected Ld652Y cells and the function of hrf-1 in over-communication). These differences most likely reflect
differences in the virus rather than the host cell, since coming the protein synthesis shut-down in AcMNPV-in-
fected Ld652Y cells are currently being investigated.the temporal appearance of IE-1, IE-N, p39 (capsid),
and polh transcripts are similar in AcMNPV-infected
Ld652Y and TN368 cells (Guzo et al., 1992). Further- ACKNOWLEDGMENTS
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